Introduction
Traditional effort in the metal industry is developing lightweight, low-density alloys, which can replace the commonly used materials without significant loss of their mechanical properties. Thus, it is not surprising that the magnesium alloys, having high strength-to-weight ratio, are in the focus of interest for the last two decades. Nevertheless, this group of alloys has several disadvantages such as weak creep resistance, significant degradation of the mechanical properties at elevated temperatures, which significantly limit their applicability. These weaknesses could be eliminated or reduced, if the matrix alloy is reinforced with ceramic particles or fibers [1] . Therefore, the magnesium-based metal matrix composites (MMC) become widely used in automotive or airplane industry.
MMCs with fiber reinforcement have highly anisotropic mechanical properties, as a consequence of the directional orientation of the fibers. Apparently, the deformation mechanisms are also more complex in the MMCs as it was shown in numerous papers [2] [3] [4] . Several mechanisms are responsible for the improvement of mechanical properties of MMCs. There is a general agreement that the dominant strengthening mechanisms in the cast short fiber reinforced MMCs are the load transfer from the matrix to the fibers and the increased dislocation density due to the big difference of the thermal expansion coefficients [5] . The presence of residual stresses is the further important contribution to the composite strengthening. Knowledge of the level of these stresses is crucial for tailoring of the composites design. Nevertheless, the majority of works is based on theoretical calculations that are not always supported by appropriate experimental results.
The neutron diffraction method takes advantage from the large penetration depth of the thermal neutrons into a material. This technique is sensitive to the changes of the lattice parameter. Hence, the lattice strains and, by implication, the residual stress distribution can be evaluated. Residual stresses, may be measured independently in both phases -the matrix and the reinforcing phase [6, 7] .
The AE technique is a very powerful method for the real-time observation of the deformation micromechanisms [8] . AE is defined as an elastic wave, arising from sudden energy release due to local dynamic changes in the structure of material caused by internal or external forces. The AE is capable among others to detect the acoustic signals originating from the collective motion, annihilation or multiplication of dislocations and twin nucleation. In the case of composites the fiber cracking can be detected as well. [9] .
The goal of our work was to reveal the level of the plastic deformation -induced residual stresses in compression mode and to elucidate deformation mechanisms in an AJ51 magnesium alloy reinforced with short Saffil® fibers by means of non-destructive testing methods. The neutron diffraction (ND) and acoustic emission (AE) techniques were used for these purposes, since both methods characterize the entire volume of the specimen and they can give supplementary information [10] .
Experimental
The AJ51 magnesium alloy with a nominal composition of Mg +5 wt.% Al +0.6 wt. % Sr reinforced with short Saffil ® fibers δ-Al 2 O 3 with volume fraction 17.9 vol. % was investigated.
Material was prepared by squeeze casting technology: the preform consisting Al 2 O 3 short fibers and a binder system was preheated to approximately 1000 °C, and insert into a preheated die (290°C to 360°C), the melt (AJ51 alloy) was superheated to a temperature between 700 and 720 °C and poured over the preform. Both components were compacted under high pressure. Samples for the deformation experiments were cut from the bulk so that the longitudinal axis of the fibers, having the average length of 87 μm and the average diameter of 3 μm, was parallel to the main rotation axis (and also the stress axis) of the cylindrical specimens. Cylindrical specimens having a length of 12 mm and 6 mm in diameter were used in compression tests performed at room temperature. The initial strain rate has been set to 10 -4 s -1 .
During the deformation tests the acoustic emission response of the samples was detected using computer-controlled PCI-2 system manufactured by Physical Acoustic Corporation (PAC). The facility incorporated a Micro2006 transducer (fabricated by DAKEL-ZD Rpety) with a flat response between 50 and 650 kHz and a PAC 2/4/6 preamplifier giving a gain of 40 dB. The threshold level was set at 26 dB. Neutron diffraction measurements were performed at a high resolution (d/d ~ 2-3×10 -3 ) biaxial diffractometer TKSN-400 optimized for the study of internal stress in polycrystalline materials. Diffracted neutrons exhibited the wavelength of λ = 2.3 Å, the neutron flux was approximately 10 5 n cm 2 s -1 . The tests took place ex-situ on a specimen, pre-deformed to given values of the plastic strain from 0 to the 4% (the plasticity limit was found 5%) with a step of 0.5%. The diffractometer was equipped with two-dimensional 3 He positive sensitive detector with 220×220 mm 2 active window and space resolution of 0.8×0.8 mm 2 . The detector position was fixed during the whole experiment and each measurement lasted 10 hours. The gauge volume was set inside the sample with two 3×3 mm 2 slits for avoiding the surface effects. The lattice strain of the magnesium matrix from the diffraction peak {10.1} was evaluated as a function of the strain levels. Lattice strains were measured in both axial and radial geometry, i.e. in parallel and perpendicular orientation of the diffraction vector with respect to the loading and fibers plane direction. The use of high resolution positive sensitive detector was found very useful. Because the diffraction spots from individual grains were visible in the diffraction ring, the sample was rotated during measurement in order to increase a number of diffracting grains in the irradiated gauge volume and improve averaging of the measured lattice strains. In order to document the microstructural changes, light microscope observations were performed. The specimens were grinded and polished by usual way and finally etched in a solution of 20% acetic acid, 1% nitric acid, 60% ethylene-glycol and 19% water for approximately 20 s.
Results and Discussion
In the first step, the specimen was pre-deformed gradually to 4% of strain with an increment of 0.5%. At each strain level, the lattice strain was calculated using the Bragg´s law, which gives the relation between the scattering angle (θ) and lattice spacing (d) as:
.
(1) The strain (e) is than given by differentiating of the Bragg's equation:
The calculations were based on the position of the (10.1) diffraction peak, which exhibited the highest intensity and was measurable with the acceptable statistics. We assumed that the unreinforced matrix alloy was in stress-free state in comparison with the composite. Thus, its θ 0 value (29,1°) was used as a reference in our calculations . Fig. 1a shows the lattice strain changes depending on the plastic strain in the axial and radial directions. The residual stresses, depicted in Fig. 1b , were calculated using the general Hook's law [11] : 
Where the two diffraction constants (E 10.1 , ν 10.1 ) were calculated using elastic coefficients given for pure magnesium by IsoDEC software [12] . a) b) Fig. 1 -a) Residual lattice strain and b) residual stress in matrix of composite depending on the plastic deformation in axial and radial direction 
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It is obvious that already in the initial not deformed state the tensile stress is present in all directions in the matrix. This fact is in accordance with the theoretical assumptions [13] , which predict the formation of thermal stresses during the fabrication process as a consequence of thermal expansion coefficient misfit between the two different phases in the composite. The distribution of the thermal stresses in the matrix is strongly inhomogeneous, since their value decreases with the second power of the distance from fiber [13] . In the vicinity of the fibers, the thermal stresses can exceed the yield stress of the matrix and thus cause local plasticity [14] .
Owing to the low neutron flux, the residual stresses on the fibers could not be measured directly. Nevertheless, their values can be deduced as follows: according to the stress balance condition [1] average residual stress over the whole volume (A) of the sample must be zero:
It also could be assumed with sufficient accuracy that the specimen contains only two phases, the reinforcement and the magnesium alloy matrix. This means that the equation (4) could be rewritten in the more specific form:
where f is the volume fraction of strengthening phase, It is obvious from the Fig. 2b that the compressive residual stress in the fibers increases with the increasing compressive plastic strain in the axial direction. In the radial direction the residual stresses exhibit a significant change only up to 0.5% of plastic strain. This effect is caused by the balancing Poisson reaction to the axial tensile stress that increases with increasing differential flow of the matrix relative to the fibers; at higher plastic strains the radial residual stress values remain constant within the experimental error.The development of the stress distribution is asymmetric under tensile and compressive loading [2] . In tension the plastic deformation starts early in the matrix around the fibers ends and the composite exhibits a smaller strain. The stress transfer is strongly affected by the residual stresses [15] . The stress transfer is enhanced in compression and it is reduced in tension. The asymmetric stress distribution and matrix plasticity result in the asymmetric elastic and plastic behaviour. Shi and Arsenault [2] found that, while the tensile apparent Young's modulus was higher, the volume fraction of the initial plastic zone from tensile loading was much larger than that from a comparable compressive loading. They noted that, even with a smaller volume fraction of the plastic matrix as compared with that under tensile loading, the composite is more compliant during compressive loading due to plastic relaxation of the matrix. The stresses will concentrate near the matrix/fibre interfaces. The load transfer from matrix to fibres can be directly follow by insitu neutron diffraction [hivatkozas] , but this method we didn't have at disposal. The ex-situ measurements characterize only the residual stress state.
The AE response of the specimen during the compression test is depicted in Fig. 3 . In contrary to the unreinforced alloys [3] , the AE count rate curve has two peaks: the first peak appears in the vicinity of the macroscopic yield; the second close to the final stage of the deformation.
Fig. 3 -True stress and count rate dependence on true strain
In order to identify the physical background of the observed peaks, we have carried out a statistical analysis of the AE parameters. K-means clustering algorithm was applied on the data set [16] . From the amplitude -rise time cross-plot (Fig. 4a) is clear that the AE events group into two distinct clusters. The AE events in first cluster have a short rise-time (i.e. time elapsed from the beginning of the event till reaching its peak amplitude). On the contrary, the long rise-time is characteristic for the AE events in the second cluster. By inspecting at which stage of the straining the particular AE event groups appear (Fig. 4) , we have established that the long rise-time events coincide with the first AE count rate peak, whereas the short rise-time events contribute to both count rate peaks. As it was shown by numerous authors [17] [18] [19] , the short rise-time, burst-type events are characteristic for deformation twinning and cracking process. The long rise-time, quasi-continuous events stem from the collective, avalanche-like motion of dislocations [18] . It can be concluded that the first AE count rate peak is caused by the concurrent activity of the dislocation slip and twinning. With the increasing applied stress the dislocation density increases, which leads to the reduction of the mean free path of dislocations and consequently to the drop of the AE signal level. A rapid twin growth takes place as well but it is undetectable with the AE technique [20] . In the final stage of the deformation fracture of the fibers takes place producing burst-type AE signals. As it was shown in our previous paper [19] , these AE events have a characteristic peak frequency in the range of 90 -110 kHz, which allows distinguishing them from the twinning signal. 
Conclusion
Ex-situ neutron diffraction measurements were used to analyse the evolution of the residual stresses with increasing plastic strain. The active deformation mechanisms during the straining were revealed by in-situ acoustic emission measurements. The following conclusions may be drawn:  The neutron diffraction measurements proved the existence of tensile stress in the matrix.  The overall residual stress in the axial direction increases with the increasing external applied stress, whereas it decreases in the radial direction.  Based on the stress balance condition the residual stress in the fibers was calculated  Using the statistical analysis of the AE signal parameters it was found that the deformation twinning and collective dislocation slip are the main deformation mechanisms in the early stages of the plastic deformation.  The AE technique was found capable to reveal onset of the fiber cracking.
